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ABSTRACT - The aim of this study was to investigate some of the physical, mechanical, thermal and morpho-
logical properties of wood flour and cellulose fiber filled polypropylene composites. Polypropylene as a polymer
matrix and wood flour and cellulose fibers were used as reinforcing fillers to prepare the composites by using a
single screw extruder. Physical properties such as density, mechanical properties such as flexure strength and
flexure modulus, tensile strength and tensile modulus, and impact strength, thermal behavior with thermogravi-
metric analysis (TGA/DTA), and morphological characterization with scanning electron microscopy (SEM) of
the composites were determined. The density of the composites was found to increase with the addition of fillers.
The mechanical properties of the composites showed that the flexure and tensile strength for the composites with
wood flour was higher than the composites with cellulose fibers, whereas flexure and tensile modulus, and impact
strength for the composites with cellulose fibers was found to have higher values as compared to the composites
with wood flour. SEM pictures showed that particles and fibers dispersed to different locations in polypropylene
matrix. According to the TGA results, thermal degradation of all the composites was found to be lower compared
to neat polymer.

Keywords: wood polymer composites, natural fillers, filler rate, mechanical properties, morphological character-
ization, thermal stability.

SAZETAK - Cilj istraZivanja bio je ispitati neka fizikalna, mehanicka, toplinska i morfoloska svojstva polipropi-
lenskih kompozita s drvnim brasnom ili celuloznim vlaknima kao punilom. Polipropilen kao polimerna matrica te
drvno brasno ili celulozna vlakna kao punilo za ojacanje upotrijebljeni su za izradu kompozita uz pomo¢ jedno-
strukoga vijcastog ekstrudera. Istrazivanjem su odredena fizikalna svojstva kompozita, npr. gustoca, te mehanicka
svojstva kao Sto su ¢vrstocéa pri savijanju i modul savitljivosti, vlacha ¢vrstoca i modul elasti¢nosti te savojna Zila-
vost. Usto je termogravimetrijskom analizom (TGA/DTA) ispitano toplinsko ponaSanje kompozita, a skeniranjem
elektronskim mikroskopom (SEM) napravljena je morfoloSka karakterizacija uzorka. Utvrdeno je da se dodatkom
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punila gustoca kompozita povecava. Rezultati ispitivanja mehanickih svojstava pokazali su da su c¢vrstoca pri
savijanju i vlacna ¢vrsto¢a kompozita s drvnim brasnom vece od évrstoce kompozita s celuloznim vlaknima, dok
su vrijednosti modula savitljivosti, modula elasticnosti i savojne Zilavosti vece za kompozite s celuloznim vlaknima
nego za kompozite s drvnim brasnom kao punilom. SEM slike pokazuju da se cestice drvnog brasna i celulozna
vlakna raspr3uju na razlicite lokacije u polipropilenskoj matrici. Prema rezultatima TGA analize, utvrdeno je da
je toplinska degradacija kompozita s drvnim brasnom ili celuloznim vlaknima kao punilom manja od degradacije

kompozita s ¢istim polimerom.

Kljuéne rijeéi: drvno-plasticni kompoziti, prirodna punila, udjel punila, mehanicka svojstva, morfoloSka karak-

terizacija, termicka stabilnost

1 INTRODUCTION
1. UvVOD

In the past, wood flour (WF) represented a sawmill
waste that needed to be disposed of. Many waste utiliza-
tion strategies have been introduced over the last century
including bedding, composting, combustion, gas gener-
ation and use as feedstock for chemical industry. The use
of WF as raw material for making new solids is the most
positive use of the waste, because of versatility in ap-
plication and its low energy costs (Ashori, 2008; Oka-
moto, 2008; Wechsler and Hiziroglu, 2007). Thermo-
plastic polymers are loaded as matrices in composite
materials with the WF filler to save costs, as the WF is a
by-product of timber processing (Najafi 2013; Aydemir
et al., 2015, Yang and Nelson, 2006).

Wood-derived fillers have made significant contri-
butions to the thermoplastic industry, which has led to
the emergence of wood—plastic composites (WPCs) in
the construction industry. Products such as decking,
fencing, siding, window framing, and roof tiles are be-
ing introduced into the market. WPCs are also beginning
to be used in the fields of construction, transportation,
industrial, and consumer industries. Growing interest of
renewable resources-based products is due to social and
environmental concerns. Commercial thermoplastics
such as polyethylene, polypropylene (PP), polyvinyl
chloride, and polystyrene are commonly used in the
manufacture of plastic/wood fiber composites (Sobczak
et al., 2013; Bledzki and Gassan, 1999; Rowell et al.,
1997; Oksman and Sain, 2008). Polymers are used in
many areas, such as automotive, electronics, and differ-
ent construction equipment (Aydemir et al., 2016; Kru-
enate et al., 2004). The use of technical and standard
plastics has encouraged the application of natural fibers
thanks to their low prices and steadily rising perfor-
mance (Witting, 1994; Zor et al., 2016).

In wood industry, a large amount of wood waste
is generated at different stages of wood processing and
these by-products are mainly intended for landfill (Falk
and McKeever 2004). The use of waste wood in wood
plastic composites (WPCs) helps to offset these dis-
posal costs. It was well established that waste wood in
the form of wood flour, fibers or pulp is suitable as
filler for polyolefin (Woodhams et al., 1984; Maiti and
Singh, 1986; Valles-Rosales et al., 2016). In general,
wood flour is used as filler for plastic, which tends to
increase the stiffness of the composite but does not im-
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prove its strength. Natural fibers can be used to rein-
force rather than fill a plastic, which increases the
strength as well as stiffness. Wood and other lignocel-
lulosic fibers typically have higher particle sizes than
those of wood flour. Furthermore, the aspect ratio of
the fiber can be increased. At a critical fiber length,
stress is transferred from the matrix to the fiber, result-
ing in a stronger composite. Stress is efficiently trans-
ferred only if the bond between the matrix and fiber is
good (Oswald and Menges, 1995).

The aim of this study was to determine the usa-
bility of waste wood flour and fibers from particleboard
and fiberboard in the manufacturing process of wood
plastic composites. Also, some physical, mechanical
and morphological properties of wood plastic compos-
ites were examined.

2 MATERIALS AND METHODS
2. MATERIJALI I METODE

2.1 Materials
2.1. Materijali

Wood flours (WF) and cellulose fibers (CF) were
supplied by particleboard and medium density fiber-
board from a firm in Turkey. For testing in this study,
beech was used for wood flours and scots pine was se-
lected for cellulose fibers. All WF samples were made
the same size in 0.5 mm sieve. CFs, between 1 and 3
mm in length, were used in study. Polypropylene
(EH241) was supplied by PETKIM Inc, in Turkey. The
properties of the PP — EH241 are listed in Table 1.

Table 1 Properties of polypropylene (EH241)
Tablica 1. Svojstva polipropilena (EH241)

Properties / Svojstvo V>/ijaeléjr$§st
Melt flow index, g/10 min (at 230 °C/2.16 kg)
Indeks protoka taljenjem, g/10 min (pri 230 51020
°C/2.16 kg)
Density, g/cm® / Gustoca, g/cm? 0.92
Water absorption, % / Upijanje vode, % 0.1
Processing temperature, °C 160-170

Temperatura procesa, °C
Tensile strength, MPa / Vlacna ¢vrstoc¢a, MPa 35
Flexure modulus, GPa 15
Modul savitljivosti, GPa '
1zod impact, notched, kJ/m?
Otpornost na udarce, ki/m?
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2.2 Preparation of composites
2.2. lzrada kompozita

WEF and CFs were oven dried at 103+2 °C to ob-
tain a moisture content less than 1 %. PP was used as
matrix polymer, while WF and CFs were used as fill-
ers. Loading ratios of WF and CFs were 10, 20, 30 and
40 % wt. The formulations of the production are given
in Table 2.

Table 2 Formulation of samples
Tablica 2. Sastav uzoraka

Samples Formulation, % / Udjel, %
Uzorci PP WF CF
PP 100 - -
WF10% 90 10 -
WF20% 80 20 -
WF30% 70 30 -
WF40% 60 40 -
CF10% 90 - 10
CF20% 80 - 20
CF30% 70 - 30
CF40% 60 - 40

Legend / Legenda: PP — neat polypropylene / ¢isti polipropilenski
uzorci; WF — wood flours as a filler / drvno brasno kao punilo; CF
— cellulose fibers as a filler / celulozna vlakna kao punilo

The materials used in the compounding were first
mixed to achieve better dispersion by a mechanical
mixer for 15 minute. The obtained samples were ex-
truded at 50 rpm by a single screw extruder. During the
extrusion, the zone temperatures ranged between 160
and 170 °C, the melting pressure of the extruder varied
between 5 and 10 bars depending on material blends,
the screw speed was 50 rpm, and the material output
was 1 kg/h. After exiting the extrusion, the obtained
compounds, which were in a melt state, were cooled
and solidified directly in a water-cooling system, while
being pulled with end drive conveyors. Then the so-
lidified materials were pelletized through a pelletizer.
Next, the pellets obtained were injection molded to ob-
tain the test samples.

All samples were conditioned at 20 °C and 65 %
relative humidity prior to testing. First, the weights of
samples were measured in air by a precision scale to
the nearest 0.001 gr and immersed in distilled water.
Then, the density of the samples was measured by a
water displacement technique according to ASTM
D792-98.

Flexure strength (MOR), flexure modulus (MOE),
tensile strength and tensile modulus (TM) were carried
out according to ASTM D 790-03 Test Method 1 and
ASTM D 638-03 Type I, respectively. These tests were
conducted using a Zwick tester with a 10-kN load cell
capacity. Test speed rate of 0.2 in/min was used for all
tests. The izod impact tests (11S) were conducted ac-
cording to ASTM D 256-06. The notches were provid-
ed with a NotchVIS machine (Ceast trademark) and
tests were carried out with a Resil 50 B impact tester.
The morphological properties of the samples were ob-
served with a scanning electron microscope (SEM)
(Phillips Electroscan 2020) with an accelerating volt-
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age of 5 kV under nitrogen. The fracture parts of all
samples were sputter-coated with gold using a Denton
sputter coater for enhanced conductivity.

The thermal stability of all the composites was
investigated using a TGA/DTA and DSC (Perkin EIm-
er, TA Instruments, USA). In TGA/DTA, the samples
were heated from 25 °C to 600 °C with a heating rate of
10 °C/min and a nitrogen flow of 100 mL/min. The
samples weighing about 10 mg were used for the tests.
Degradation temperatures at 10 % weight loss (T,
and 50 % weight loss (T, ), maximum degradation
temperature in the derivative thermogravimetric peaks
(DTG, ), and mass loss of the samples in the TGA
cures were measured and compared with the results ob-
tained. The differential scanning calorimeter (DSC)
tests were performed on a DSC 2920 (Perkin Elmer,
TA Instruments, USA) at a heating rate of 5 °C/min
under a nitrogen atmosphere. The samples weighed
about 10 mg. To determine the crystallinity, 191.3 J/g
was used to pure PP enthalpy (Myers et al., 1991).

One-way analysis of variance (ANOVA) was
performed to identify significant differences at the 99
% confidence level. The Duncan test was used to deter-
mine the difference between groups. The important dif-
ferences between formulations were shown with letters
A, B, C,and D.

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

3.1 Physical and mechanical properties
3.1. Fizikalna i mehanic¢ka svojstva

In this study, WF and CFs were used as fillers to
different density ratio such as 10 %, 20 %, 30 % and 40
%. Density of pure PP was determined as 0.89 g/cm?.
Addition of fillers increased the density of composites.
The maximum densities for both the WF and CFs were
found as 0.99 g/cm?® and 0.98 g/cm? (Fig. 1). The differ-
ence between the density of the composites with WF
and CFs was not statistically important. However, it
was determined that the effect of WF on the composite
density was higher than that of CFs. In another study,
although the density of wood was 0.689 — 0.755 g/cm?
and polymer matrix was 0.95 g/cm?, the density of WF
filled polymer composites was found to increase to
1.108 g/cm? (Ichazo et al., 2001).

Fig. 2 shows the tensile strength and TM values.
According to Fig. 2, the addition of the fillers reduced
tensile strength, while increasing the TM of the com-
posites. Tensile strength of pure PP was 29.68 MPa,
and tensile strength was found to decrease to 22.32
MPa for WF and 23.54 MPa for CFs, respectively,
with the addition of the fillers. Tensile strength de-
creased by about 24.8 % and 20.7 % for the compos-
ites with 40 % WF and 40 % CFs. Similar results were
observed by Meyers et al. (1991) and Ichazo et al.
(2001). The effect of cellulose fibers on the tensile
strength of composites is lower than that of wood
flour. This can be explained by fiber direction in the
composites. The effect of fibers, which are perpen-
dicular to the pulling direction, on the tensile strength
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Figure 1 Densities of composites
Slika 1. Gusto¢a kompozita

is limited. Similar results were also reported by Ra-
ghu H (2006); Ismail H (2004). They investigated the
effect of filler loading in some composites. They
found that the lower tensile strength at 40 % filler
content could be referred to as ineffective stress be-
tween the particle-matrix interfaces due to weak in-
terface adhesion.

According to Fig. 3, the addition of the fillers
generally increased the MOR and MOE. The highest
value of MOR and MOE was found as 47.32 MPa, 2.44
GPa for the composites with 30 % CFs. 10 % WF
showed the lowest MOE with 1.4 GPa after control
samples, the lowest MOR value was obtained from 40
% CF samples as 42.29 MPa. This can be explained by

fragile structure of cellulose fibers and rate of cellulose
fiber. Since 40 % CF rates in the PP mixing made dif-
ficult the performance of the extruder, CFs in the total
mixing take up space as volume. For this reason, in the
CF samples, MOE and MOR increased until rates of 30
% and decreasing began after 40 % CF rates. Bouafif et
al. (2009) reported that MOE of the wood polymer
composites showed a steady increase with increasing
filler content.

As shown in Fig. 4, the izod impact strength (11S)
of all composites was found to be higher than that of
the pure PP. The highest values for the 1S were found
as 106 % and 35.32 % for 40 % CF and 40 % WF, re-
spectively, as compared to the PP samples.
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Figure 2 Tensile modulus (TM) and tensile strength values of composites
Slika 2. Modul elasti¢nosti i vlaéna ¢vrstoca kompozita
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Figure 3 Flexure modulus (MOE) and flexure strength (MOR) values of composites
Slika 3. Vrijednosti modula savitljivosti (MOE) i ¢vrsto¢e kompozita pri savijanju (MOR)

3.2 Morphological characterization
3.2. MorfoloSka karakterizacija

The morphological characterization of the com-
posites was investigated with SEM inside the samples.
Fig. 5 presents a SEM micrograph of WF and CFs. It
shows adhesion between WF and matrix. Although the
amount of WF is increasing (10 % Fig. 5-a, 20 % Fig.
5-b, 30 % Fig. 5-c, and 40 % Fig. 5-d), it can be said
that a homogeneous mixture is obtained. This state-
ment is also supported by the increase in mechanical
properties (MOR, and izod impact strength) of WF
composites.

The SEM micrograph of the interactions between
matrix and fillers is shown in Fig. 6. When comparing

the interactions between WF and CFs with PP, WFs
provided better compliance than CFs. Wood flour used
in the study was milled by 0.5 mesh sieve. So, all of the
wood flour is almost the same size. This case showed
linear increase in mechanical properties of WF com-
posites. On the other hand, the sizes of cellulose fibers
varied between 3 mm and 7 mm. CF 10 % and CF 20
% demonstrated a homogeneous dispersion (Fig 6 a-b),
in CF 30 % and CF 40 % clustering in composites was
observed (Fig 6 c-d). It is thought that using single-
cylinder extruder in the study and the increase of CF
content (from 10 % to 40 %) led to this status. Khon-
sari et al. (2015) stated that wood flour geometry af-
fected physical and mechanical properties of WPC.
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Figure 4 1zod impact strength (11S) values of composites
Slika 4. Izod vrijednosti savojne Zilavosti (11S) kompozita
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Figure 5 SEM pictures of WF composites (left side) and CF (right side) (a) 10 %, (b) 20 %, (c) 30 % and (d) 40 %
Slika 5. SEM slike kompozita s drvnim braSnom (lijeva strana) i celuloznim vlaknima (desna strana): (a) 10 %, (b) 20 %, (c)
30 % i (d) 40 %

Figure 6 Comparison of interactions between WF and CFs with PP
Slika 6. Usporedba interakcije WF-a i PP-a s interakcijom CF-a i PP-a
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Figure 7 TGA curves of WPC
Slika 7. TGA krivulje drvno-plasti¢nih kompozita

3.3 Thermal stability
3.3. Toplinska stabilnost

Thermal stability of the composites is an impor-
tant property for some application areas. For this rea-
son, the thermal property of the composites obtained
was investigated by using DSC, TGA and DTA. Fig. 7
shows TGA curves of the composites. It is well known
that wood flour decomposes in the order of hemicellu-
lose (200-300°C), cellulose (300-400 °C), and lignin
(200-900 °C) (Joseph et al., 2003; Verbicky et al.,
1988). According to Fig. 7, the fastest mass losses have
been observed in WF 40 % and CF 40 % composites.
On the other hand, CF 10 % has the nearest curve to
pure PP. Generally, the increasing amount of WF and/
or CF brings about decreasing levels of WPC weight
loss at the high temperature.

Fig. 8 shows DTA curves, which present the deg-
radation point of pure PP and WF/CF composites.

There are two important points: melting point and deg-
radation point. Endothermic peaks are at 165 °C (melt-
ing point) and 460 °C (degradation point) in DTA
curves. Interfacial interaction also plays a very impor-
tant role in the degradation of polymeric nanocompos-
ites. Better interfacial interaction allows particles to act
as restriction sites for the movement of a polymer
chain. This makes the scission of a polymer chain hard-
er at lower temperature, and hence moves the degrada-
tion temperature of the material to a higher tempera-
ture. Moreover, improved interfacial interaction
between additives and polymer chain, introduced by
deeper penetration of smaller particles in the polymer
matrix, will also limit the movement of the polymer
chain (Khan et al., 2010).

DTG curves are shown in Fig. 9. The peaks of the
composites were found to be between 370 °C and 470
°C at the value of 2800 mg/min. This peak corresponds
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Figure 8 DTA curves of WPC
Slika 8. DTA krivulje drvno-plasti¢nih kompozita
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Figure 9 DTG curves of composites
Slika 9. DTG krivulje drvno-plasti¢nih kompozita

to the rupture of C-C chain bonds along with H-ab-
straction at the site of rupture (Pandey, 1999; Roger,
2005). PP is strongly hygroscopic in nature and com-
pletely depleted at 426 °C without the formation of any
char residue (Baeza and Freer, 2001).

The results also show that, as the filler loading
increased, the thermal stability of the composites
slightly decreased, as the WF/CF content increased be-
cause of the lower thermal stability of WF/CF com-
pared to the pure PP. The summary of the thermogravi-
metric analysis is presented in Table 3.

Table 4 shows DSC curves and summary DSC
data of the composites with WF and CFs. The T_and T,
values of the composites changed a little bit with the
addition of WF and CFs and the composites have dif-
ferent T_and T_values. The melting enthalpy (AH ),
the crystallization enthalpy (AH ) and the degree of
crystallinity decreased with the addition of WF and
CFs. Similar results were also reported by other re-
searchers for MCC filled composites. The DSC results
also indicated that the crystallinity (X)) decreased with
increasing MCC level because of the inability of poly-

Table 3 Summary of thermogravimetric analysis

mer chains to be fully incorporated into the growing
crystalline lamellae (Kiziltas, 2009). The glass transi-
tion temperature provides important evidence for blend
miscibility (Liang, 2007). All composites showed only
one Tg value and the T_values of composites are be-
tween 110 °C and 120 °C as WF/CF loading increased.
Fig. 10 shows dual melting peaks in all composites.

4 CONCLUSIONS
4. ZAKLIJUCAK

Wood flour (WF) and cellulose fiber (CF) com-
posites were produced by melt compounding and these
composites were investigated for four different load-
ings based on the properties of polypropylene compos-
ites. The results indicated that there were increases in
the density and mechanical properties, such as TM,
MOE and IIS. However, both the tensile strength and
MOR characteristics were decreased. It was found that
the thermal stability of the composites decreased with
both WF and CFs. The SEM pictures showed that there
were some agglomerations in morphological structure

Tablica 3. Kratki pregled termogravimetrijske analize kompozita

TGA Analysis / TGA analiza DTA Analysis / DTA analiza DTG
Samples L L L Melting point | Degradation point T et
Uzorci Tocka taljenja | Tocka degradacije
°C °C °C °C °C °C
PP 431.7 455.6 468.6 169.9 460.6 459.3
WF10 350.1 457.6 464.9 169.5 466.2 462.8
WF20 338.9 454.8 471.3 166.5 463.4 462.3
WF30 334.1 455.1 476.9 164.4 465.5 461.5
WF40 300.8 447.6 471.6 164.1 466.2 461.9
CF10 426.2 454.7 465.9 167.9 464.9 457.7
CF20 428.2 456.8 472.6 165.4 466.4 460.8
CF30 403.1 455.1 467.9 168.8 465.9 460.9
CF40 302.2 450.3 468.3 163.5 466.2 461.9
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Figure 10 DSC curves of composites
Slika 10. DSC krivulje drvno-plasti¢nih kompozita

Table 4 Summary of differential scanning calorimetry

Tablica 4. Kratki pregled rezultata diferencijalne skenirajuce kalorimetrije

Cooling / Hladenje Heating / Zagrijavanje
Samples
- T onset T AH . T AH X , %
Uzorcl onse C C monse m m C
°C °C J/g °C °C Jig

PP 117.4 113.9 99.8 157.3 168.2 88.8 46.4
WF10% 120.7 116.8 84.9 154.6 167.5 82.5 43.1
WF20% 120.4 116.9 75.9 154.3 166.1 73.1 38.2
WF30% 120.9 116.9 68.9 153.9 165.4 66.4 34.7
WF40% 121.4 117.1 61.8 153.3 165.1 64.3 33.6
CF10% 119.6 115.6 90.7 153.2 167.1 82.9 43.3
CF20% 118.8 115.7 70.2 154.4 168.2 64.1 335
CF30% 118.5 115.9 78.5 153.1 167.2 73.8 38.6
CF40% 119.7 116.1 62.5 152.9 166.1 60.5 31.8

of the composites. In summary, 40 % filler content had
the best properties. As a result, the composites obtained
from PP and lignocellulosic fillers have a better perfor-
mance compared to PP, and the composites can be used
as alternative materials in areas such as outdoor furni-
ture, flowerpots, etc.
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